Abstract The Valley of Puebla aquifer (VPA), at the central region of Mexico, is subject to intensive exploitation to satisfy the urban and industrial demand in the region. As a result of this increased exploitation, a number of state and federal agencies in charge of water management are concerned about the problems associated with the aquifer (decline of groundwater table, deterioration in water quality, poor well productivity and increased pumping and water treatment costs). This study presents a groundwater management model that combines ''MOD-FLOW'' simulation with optimization tools ''MODRSP''. This simulation-optimization model for groundwater evaluates a complex range of management options to identify the strategies that best fit the objectives for allocating resources in the VPA. Four hypothetical scenarios were defined to analyze the response of the hydrogeological system for future pumping schemes. Based on the simulation of flow with the MODFLOW program, promising results for the implementation of the optimization of water quantity were found in scenarios 3 and 4. However, upon comparison and analysis of the feasibility of recovery of the piezometric level (considering the policy of gradual reductions of pumping), scenario 4 was selected for optimization purposes. The response functions of scenario 4 were then obtained and optimized, establishing an extraction rate of 204.92 millions of m 3 /year (Mm 3 /year). The reduction in groundwater extraction will be possible by substituting the volume removed by 35 wells (that should be discontinued) by the same volume of water from another source.
Introduction
Satisfying water demands continues to be a challenge for society due to the growth of urban-industrial centers and the environmental deterioration of the resource, which limits its use. The water supply problem has most recently focused on the deterioration of surface and groundwater quality, in addition to the exhaustion of aquifers (WallerBarrera et al. 2009 ).
While groundwater has played an important role in the social support and economic growth of many geographic areas (Kemper et al. 2004) , the management of aquifers has lacked a vision that promotes their sustainable development. In seeking sustainable management of aquifers, it is vital to know where the water originates and to implement a new approach for its management. Nevertheless, these issues are complicated by the scarcity of information about aquifers. Therefore, a new groundwater management policy requires scientific assessment of the potential of hydrological resources and the application of analytical tools for its sustainable use (Gárfias et al. 2010) .
Thus, sustainable groundwater management requires a broad understanding of the processes that determine: the quantity and quality of this resource, its interaction with the environment, the potential impacts of the use of these systems and the application of techniques that support decision-making (Waller-Barrera et al. 2009 ).
The application of this new management policy is one of the most urgent endeavors in Mexico to solve environmental problems. The case of the Valley of Puebla aquifer (VPA) system is presented as an example of this urgency. This is one of 100 overexploited aquifers in the country (CONAGUA 2004) and is located in one of the most highly populated and economically active zones in central Mexico. Groundwater is the main source of the potable water supply in the region, and because of the condition in which, it is found it has been the subject of several studies (Geotecnología 1997; Flores-Márquez et al. 2006; Gárfias et al. 2010) that have made it possible to calculate a water deficit of approximately 22 Mm 3 /year (Flores-Márquez et al. 2006) .
Some of the most notable damaging effects that can be detected in this aquifer are: a drawdown in groundwater levels, cones of depression of about 80 m, reduction in well productivity and the deterioration of groundwater quality due to the migration of sulfurous water (geothermal water) from natural origins at greater depths (CONAGUA 2003; Flores-Márquez et al. 2006; Gárfias et al. 2010) .
In addition, the overexploitation of the aquifer has changed the regional hydrology and groundwater flow patterns over the past 20 years (Geotecnología 1997; Gárfias et al. 2010 ) and has caused an increase in the hydraulic gradients in some areas of the valley (FloresMárquez et al. 2006) .
Most of the studies developed cited above have focused on the analysis of hydrogeological conditions and the evaluation of water availability in aquifers, rather than studies that implement techniques to support decision-making related to the sustainable management of aquifers.
Groundwater flow models developed using the MOD-FLOW platform are some of the techniques that support decision-making (Gorelick and Remson 1982; Gorelick 1983; Das and Bithin 2001; McPhee and Yeh 2004) since they can perform predictive simulations of cause and effect when correctly calibrated and applied in a specific area (McPhee and Yeh 2004) . This process normally involves comparing the results of a series of prediction scenarios with the results of a baseline model representing current conditions. Then, these base line conditions are projected toward expected future conditions in accordance with each case. These flow models have become useful tools which, in combination with optimization techniques, often provide excellent support for the development of management guidelines and decision-making (Zhou et al. 2003; McPhee and Yeh 2004) .
The primary purpose of optimization for this strategy to support management is to achieve a determined objective to the greatest degree possible given established constraints. This is due to the necessary management limitations and considerations as well as the physical behavior of the aquifer to ensure that the final solution does not alter the physical laws of the system. Since the flow model simulates the behavior and response of the system, it is possible to incorporate the results of this modeling into an optimization model. Once the optimization objective function is established, an appropriate method of obtaining the solution can be applied (Das and Bithin 2001) .
One of the methods most frequently used to obtain this solution is called the response function (Maddock 1972; Harou et al. 2009 ), which has been used to represent groundwater flow based on stationary or transitory regimens, pumping optimization, speed of groundwater flow and decline of groundwater levels (Heidari 1982; Elwell and Lall 1988; Nishikawa 1998; Larson et al. 2001; Harou and Lund 2008) .
Due to the complexity of solving the response function matrices, computational tools have been developed to perform this task. One of the most frequently applied tools is the MODRSP program developed by Maddock and Lacher (1991) , which solves response functions using finite-difference discretization. MODRSP is a modular program in which the users only need to specify which type of response functions they want to calculate, without the need of making a numerous calculations (Maddock and Lacher 1991) .
Response functions can be generated using multiple MODFLOW simulations or just one simulation in the MODRSP program. It is important to remember that if the application of a combined simulation model and response function is valid, it can become a very useful tool for water management (Maddock and Lacher 1991) .
Considering what has been presented above and given the strategic importance of these resources in the region of Puebla, the objective of the work herein is to calculate the optimal sustainable extraction volume for the aquifer, using the combination of a groundwater flow model and optimization techniques.
Description of the study zone
The Valley of Puebla is located in the central part of the Trans-Mexican Volcanic Axis and extends from the east, from the capital city of the state of Puebla, to the Sierra Nevada. It is surrounded by three volcanoes-the Malinche, Iztaccíhuatl and Popocatepetl- (Fig. 1) 2,160 m above mean sea level (mamsl) (Fig. 1) The upper unconfined aquifer is made up of granular sedimentary and fractured rock Quaternary formations, resulting from erosion and lava flows from the different volcanic cones in the Sierras. This unconfined aquifer, in general, has high hydraulic conductivity, with a thickness varying from few meters at the mountain front up to 200 m at the center of the valley. The groundwater of this aquifer is of very good quality, acceptable for human consumption. This upper aquifer overlies Pliocene lacustrine deposits of very low permeability, working as an aquitard between the upper and middle aquifers (Fig. 2) . This upper aquifer receives its recharge from the surrounding volcanoes.
The middle aquifer (semiconfined) is made up of andesites, basalts, igneous tuff and conglomerates of the Balsas Group; fracturing reveals secondary porosity (Fig. 2) . This middle aquifer overlies an aquitard that is made up of folded limestones, marls and shales of the Mezcala Formation (Upper Cretaceous age). The lithology of the Mezcala Formation is practically impermeable; however, zones of high fracture produce hydraulic connection between the lower and upper aquifers. The recharge of this aquifer is subterranean, coming from the regional recharge areas represented by the Tarango Formation (Malinche and Sierra Nevada ranges). Groundwater flows into the VPA, where the sulfur concentrates, and a higher temperature-possibly related to volcanic activityis measured. The natural discharge is manifested by springs and an ascendant recharge through the aquitard. Induced discharges have been caused by some wells, most of which abandoned or closed off due to the poor water quality.
The lower confined aquifer, composed of Lower Cretaceous sea deposits of the Tecomasuchil and Atzompa Formations (both made of reef limestone) and the Tecocoyunca Group (sandstone, gypsum, shales), is found under these rocks. These geologic units were affected by dissolution and tectonic fracturing, resulting in secondary permeability ( Fig. 2) (Flores-Márquez et al. 2006 ). These rocks contain high concentrations of sulfate and sulfur constituents (Gárfias et al. 2010) . These materials, in turn, lie over an aquiclude made up of a folded marine formation from the Upper Cretaceous age, (Mezcala F.) which is characterized by impermeable marl, limestone and shale. Under this aquiclude can be found the Tecocoyunca group as well as marine formations from the Lower Cretaceous age such as Tecomasuchil and Atzompa. The former is affected by tectonic fracturing and the latter affected by dissolution holes, both exhibiting secondary permeability.
Groundwater head elevation
The groundwater head distribution for the VPA indicates the existence of two recharge zones: (1) the recharge coming from the Iztaccíhuatl and Popocatépetl volcanoes on the Western side of the valley and (2) the recharge coming from the La Malinche Volcano on the Eastern side of the valley. The former originates a groundwater flow direction NW-SE, starting at the 2,400 mamsl elevation. The latter has a main component on the W-E direction, starting at about the 2,230 mamsl elevation (Fig. 6a) .
The recharge coming from the Tlaxcala State, at the North of the study area, has a main direction of NE-SW, corresponding to the 2,300 mamsl elevation that matches the Zahuapan riverbed elevation. This groundwater flow joins the component from the Iztaccíhuatl and Popocatépetl volcanoes at Nativitas and Santa Isabel Tetlatlahuaca, where the elevation curve is about 2,190 mamsl. At Xoxtla and Ocotlán the flow takes a Western direction, and then the groundwater moves mainly towards the South, following the Atoyac river direction up the Valsequillo Dam at the very end of the basin.
Methodology
The goal of groundwater management in the VPA is diminished groundwater withdrawal to equilibrate the total amount of recharge and preventing the geothermal (sulfurous) water intrusion.
Groundwater modeling
Mathematical simulation models are some of the most important tools that exist to understand the quantitative behavior of groundwater flow. Because of this, they enable the comprehensive evaluation of an unlimited number of parameters and/or variables interacting in an aquifer system and can thus provide an overview of its functioning.
A groundwater flow model that considers the conceptual model of the VPA in three dimensions was developed. Such a model considers that geological material is as a ''representative volume''; which is described by the macroscopic Darcy's law. Considering the above, the groundwater flow is assumed valid for a rigid saturated, heterogeneous and anisotropic medium described by the differential partial equation, complemented by initial and boundary conditions (McDonald and Harbaugh 1988): The above equation should satisfy the initial and boundary conditions given by hðxi; 0Þ ¼ hoðxiÞ hðxi; tÞ j C1 ¼ hoðxi; tÞ Vi ni j C2 ¼ ÀVnðxi; tÞ where ho is the initial hydraulic head, h is the prescribed hydraulic head Dirichlet C1, N is the (n1, n2, n3) unit vector normal to a Neumann C2 boundary and Vn is the prescribed lateral flow per unit area of boundary C. If Vn is positive, flow enters the domain; if Vn is negative flows exits the domain.
The conceptual model for the groundwater systems in the VPA (Fig. 2 ) was transferred to a mathematical model using the VISUAL MODFLOW platform, version 4.0.; which solves the partial differential equations by finite difference methods, Table 1 shows the characteristics of this model.
Calibration process
The calibration process consists on adjusting the hydraulic parameters to the observed hydraulic heads with those calculated by the model. This process is repeated until a good fit of the heads is achieved. The fit of the heads was analyzed by the Mean Absolute Error (MAE) and the Root Mean Squared Errors (RMSE) (Anderson and Woessner 1992) .
The MAE is given by the equation
where MAE is the mean absolute error, n is the number of observation, hoi is the modeled hydraulic head and hi is the measured hydraulic head. The RMSE algorithm is given by
where RMSE is the root mean square errors, n is the number of observations, hoi is the modeled hydraulic head, hi is the measured hydraulic head.
The response functions
Response functions describe the response of an aquifer system to a unit stress (e.g., pumpage). The formulation presented here follows the work of Maddock and Lacher (1991) . Drawdown response functions describe the drawdown at a particular location and time due to a unit pumping stress at another location and time. If q ðxtÞ is the instantaneous discharge from a well at locationx in the lth aquifer at time t, and N wl is the number of pumping wells in the lth aquifer, then the drawdown in the mth aquifer at pointx at time t is given by the following equation:
For allx € D m , where M is the number of aquifer layers, D m is the domain of the mth aquifer layer and -5 9 10 -6 m/s S 2 1 9 10 -5 middle aquifer K 3 2 9 10 -6 -7 9 10 -6 m/s S 3 1 9 10 -5 lower aquifer Environ Earth Sci (2013) 70:337-351 341 G m ðxx l j ; t À sÞ, m = 1,…,M are the instantaneous drawdown response functions. Consider a design horizon consisting of Ne consecutive stress periods. If the q l ðx l j sÞds is the pumpage in well j at locationx in layer l at time t, and this pumpage varies from stress period to stress period but is constant within a stress period (pulse pumping), then the drawdown at the kth observation point in the mth aquifer layer at the end of the nth stress period, written as s(m, k, n), is given by the equation
for k ¼ 1; . . .; N o m ; n ¼ 1; . . .; N ei ; and m¼ 1;. . .; M, where N O m is the number of observation points for the mth aquifer, q (l, j, i) = q (x, l, j) for the jth pumping point in the lth aquifer, j i is the duration of the ith stress period and
The b d are the drawdown response functions and are constants independent of the quantity of pumping and drawdown (within limits of linearity). They are functions of the form of partial differential equation, the boundary conditions, the initial conditions, the model parameters and the geometry or location of the pumping. Each b d describes the drawdown at a given location and time in response to unit pumping at another location and time (i B n).
The above equations are solved by the MODRSP program in a multilayer aquifer system. The response functions are obtained according to the external stresses of the system under study for a specific case.
Planning and scenario development
The proposed simulation of different parametric scenarios allows for varying extractions from the PVA. These scenarios represent probable conditions and illustrate the properties of the aquifer, which contributes to envisioning different operational policies and system behaviors. Four hypothetical scenarios were proposed in the study herein, for 2015, 2020 and 2025. The water levels of 2010 are used as initial values.
• Scenario 1: Continue the current extraction trend to meet supply (inertial) • Scenario 2: Eliminate extractions from the city of Puebla polygon • Scenario 3: Reduce VPA extractions and nullify extractions in the city polygon.
• Scenario 4: Gradually reduce the extraction of groundwater in the restricted area polygon for Puebla's urbanindustrial zone without exceeding a safe yield of 339 Mm 3 /year (CONAGUA 2004).
Each scenario is developed according to the problem in the zone. Scenario 1-inertial trend-represents no management policy, and extraction is based only on the population's demand for water. Scenarios 2 and 3 are based on the problem being located primarily in the urban zone of the city of Puebla, since extraction from the aquifer is concentrated in that region. In scenario 3 the extraction volume is reduced by 30 %, which corresponds to the amount of treated wastewater in the study zone, representing a viable reutilization alternative for the various uses required. Scenario 4 considers the urban-industrial zone's restricted area polygon-as defined by management authorities-to be a critical extraction zone due to the existing problem (decline of the levels of groundwater, reduction in well productivity and deterioration of water quality in the exploited aquifer due to the migration of sulfurous water).
Calculation of extraction volumes
Extraction volumes were estimated based on the review of information reported by different authors over different years, from 1973 to 2010, as presented in the Fig. 3 (Agrogeología 1973; Lesser and Asociados 1982; CONAGUA 2000 CONAGUA , 2010 Geotecnología 1997; CONAGUA-IMTA 2007) . Figure 3 clearly shows the evolution of extraction from 1979 to 2010.
The reported volumes were used to obtain an equation representing the trend of hydrogeologic unit extraction (inertial tendency), which in this case is represented by a linear equation: Y = 12.815X -25184 with a R 2 = 0.96. The tendency was also associated with the expected growth of the population at the study area.
Formulating the management model
The water pumping rate in all the cells is defined as decision variables and expressed as Q (i), i = 1, 2,…,n, where n is the total number of cells to be optimized. Therefore, the objective function of the management model-which represents the maximization of the sum of the rate of groundwater pumping-can be expressed as a linear function:
where Q (i) is the groundwater extraction volume for each cell i, and n is the number of cells. The objective function is subject to a set of constraints that may include pumping rate reductions or limitations (Zhou et al. 2003) . For this case in particular, the following are considered constraints:
• Maximum drawdown of 60 m (based on 9 control points randomly selected from the results of the flow model run), corresponding to the maximum allowable depth required to avoid the intrusion of sulfurous water. 
where s m ðjÞ is the maximum allowable drawdown level at point j (in this case, 60 m) at the end of the management period i, b ði; jÞ is the drawdown resulting from pumping at point j (obtained from the MODRSP response function) for each optimization cell i and m is the number of points, in this case, 9).
• Constraints for pumping rate in the optimization cell i (in this case 10 Mm 3 /year) can be expressed as Q ðiÞ Q i ðiÞ ð 9Þ
where Q i ðiÞ is the maximum pumping rate specified for each cell.
• An optimal extraction volume that does not exceed 339 Mm 3 /year (safe yield) for the aquifer area located in the state of Puebla, indicating that the result will be considered valid when the result of the solution of the sum of extractions is less than 339 Mm 3 /year:
where Q T is the sum of all the extractions, Q ðiÞ for each cell i that contains x number of wells, not to exceed Q T to be valid.
Once the maximization problem is set up (objective and constraint functions), it is then solved using an optimization method. The speed at which it is solved depends on the number of cells and wells; in this case, the LINDO (Linear Interactive Discrete Optimization) program was used for the optimization of linear equations (Lindo Systems Inc 2011).
Results and discussion

Hydrogeologic simulation
After the scenarios were determined and extraction volumes simulated, a file of wells was created according to the current extraction information from 2,315 wells located in the aquifer zone and inventoried by the REPDA (Public Registry of Water Rights) (CONAGUA 2010). The volume was then weighted for each well to obtain the total extraction for each scenario (Table 2) . It is important to clarify that while total extraction in the aquifer zone takes into account the two states where the aquifer is located (Puebla and Tlaxcala), the management policy that was analyzed focuses on the area located in the former (Fig. 4) .
The initial conditions correspond to those of the year 2010 of the calibrated model. The components of the water balance were considered according to those values reported by CONAGUA-IMTA (2007) in the Table 3 . The recharge (total inflow) was assumed constant over time since no other source of recharge is available for the study area.
The results of the scenarios provided by MODFLOW were evaluated and compared using three observation wells within the study zone to identify which scenario defines the best conditions for the aquifer based on recovery of the groundwater level. In the Fig. 5 the calibration curve for the year 1997 is presented. The RMSE obtained was 7.65 m and the MAE of 3.69 m. This figure shows that the system is well represented by the model. Thus, the calibrated model was used as the initial conditions for the management scenarios described in the next section.
After determining which scenario provides the greatest recovery of aquifer's groundwater level, the response function was defined and the MODRSP model was applied, making necessary an adjustment to the MODFLOW input files. The files requiring modification are those that include the BAS (Basic) extensions, where the basic characteristics of the model are defined as the number of columns, rows, simulation layer types, etc.; Block-Centered Flow (BCF), which defines the hydraulic characteristics of the cells, and; WELL, which specifies cells that contain wells and pumping rates.
The next step groups the wells contained in each MODFLOW cell in the aquifer zone requiring optimization. This process is needed since both the MODFLOW and the MODRSP models solve the flow equation for each cell regardless of the number of wells contained in each one. For the PVA, the cells to be optimized were defined within the urban-industrial polygon zone. Forty cells were identified, representing 96 % of the extraction volume of the aquifer. The restricted area polygon is the zone in the aquifer in which optimization was performed. Ih horizontal inflows, Iv vertical infiltration, Ir return flows, Sh horizontal outflows, Evpt evapotranspiration, Spr springs, Dnbase base flow, Db extraction by deep wells, DS change in storage The MODRSP output files identify those files corresponding to the response functions (RF extension) in ASCII format; these files are generated for each of the stresses (pumping) selected in the optimization problem. For the VPA, the well option was selected (corresponding to each cell with a different number of wells), with response functions corresponding to each of the cells, indicated in the zone to be optimized.
Once the response functions are obtained, the pumping maximization (extraction) problem is proposed and the optimization constraints are established. For example, maximum supply in the zone or structural pumping limits the groundwater level or the amount of water with poor quality. Other restrictions can be established by reviewing the well extraction volume determined for each cell, which could be a significant constraint in optimization problems.
Simulation of scenarios
Scenario 1 In this scenario, the inertial trend of the extraction in the aquifer zone was analyzed, taking into account the wells in the state of Puebla and Tlaxcala. Figure 6 shows the results of the simulations from 2010 to 2025, with 2010 as the initial year for the simulation (Fig. 6a) .
In Fig. 6b , the drawdown in VPA can be seen in localized zones: (1) in San Martín Texmelucan where a large number of wells are located, (2) in the urban area of the city of Puebla and (3) in the surrounding area of San Andrés Cholula and Necatitlán. In the zone located in the state of Tlaxcala, a drawdown is seen in the urban area of the city of Tlaxcala and the municipality of Apizaco.
Scenario 2 In this scenario, the inertial extraction trend was considered and the extraction by wells located in the city of Puebla was nullified. The results can be seen in Fig. 6c . The drawdown trend is very similar to Scenario 1. In the zone representing the state of Tlaxcala, a drawdown is observed in Apizaco and in the cities of Tlaxcala, Papalotla and San Isidro.
Scenario 3 In this scenario, in addition to nullifying extraction in the city of Puebla, the extraction in the rest of the VPA is reduced by 30 %, keeping the inertial extraction in the state of Tlaxcala. The maximum drawdown during the period is observed in the municipalities of Puebla State (San Martín Texmelucan, Nativitas, Tlaltenango, San Salvador el Verde, Puebla, San Pedro and San Andrés Cholula). In the state of Tlaxcala (Fig. 6d) , drawdown is observed in Apizaco and the cities of Tlaxcala, Papalotla and San Isidro.
Scenario 4 This scenario is based on the gradual reduction of water extraction in the urban-industrial polygon zone of the state of Puebla which has as its main constraint the safe yield of the aquifer (339 Mm 3 /year) and is considered to be one of the zones with the greatest amount of contamination and pumping. The drawdown is distributed in the municipalities of San Martín Texmelucan, Nativitas, Puebla, San Pedro and San Andrés Cholula. In the state of Tlaxcala, drawdown is observed in the zones of Apizaco and the city of Tlaxcala (Fig. 6e) .
To compare the results of the scenarios, the drawdown in the three observation wells (Fig. 7 ) was mapped and the groundwater level evolution was evaluated for each scenario. In scenario 1, the accumulated drawdown for the period 2010-2025 for the observation wells is 10.99 m for well 1, 13.15 m for well 2 and 10.42 for well 3. The accumulated drawdown in scenario 2 is 8.45 m, 12.58 and 9.36 m for observation wells 1, 2 and 3, respectively. For scenario 3, the accumulated drawdown is 0.35, 3.87 and 7.08 in observation wells 1, 2 and 3, respectively (Table 4 ; Fig. 7 ).
Contrasting the scenarios described above with Scenario 4, the drawdown is distributed in the same zones and is greater in the region of the urban areas in the states of Puebla and Tlaxcala. This scenario shows a recovery in the observation wells, although a drawdown continues to be observed. For example, from 2010 to 2025, there is a reduction and, therefore, a recovery in the groundwater level in well 1 of 1.90 m, in well 2, of 0.47 m and in well 3 of 2.07 m (Table 4 ; Fig. 7) .
Based on the above quantitative information, scenario 4 was selected for optimization, since the feasibility of the application of a management policy with gradual reductions in extraction volumes.
In order to determine the response functions, it was necessary to group the wells in the cells based on the results obtained with MODFLOW for scenario 4 (gradual decrease in extraction in the restricted area polygon for the industrial-urban zone). As mentioned in the methodology section, the optimization was performed in the restricted area polygon because that area has the greatest volume of water extraction. This approach of reducing the number of wells in the input file (results of the run of scenario 4) allowed the simplification of the set of equations (matrix) to be solved by MODRSP. Based on the total number of cells included in the flow model, 63 wells were selected, which were represented in 40 cells located within the restricted area polygon. These represent 96 % of the total extraction from the aquifer when discretizing based on extraction from each one. Environ Earth Sci (2013) The MODRSP program was then run, the results of which are presented in Table 5 . Once the response functions were obtained, the pumping (extraction) maximization problem for the wells was determined with the 9 points representative of the upper aquifer and a maximum extraction of 10 Mm 3 /year per cell. With the maximization problem determined (objective and constraint functions) and based on Eq. (7):
QðiÞ:
As constraints, the drawdown cannot be greater than 60 m at the 9 points indicated; the extraction in each cell cannot be greater than 10 Mm 3 /year (Q 1 to Q 40 B 10) and Q T must be less than 339 Mm 3 /year. Given Eqs. 8, 9 and 10, then Based on optimization with the LINDO program, an extraction value of 204.92 Mm 3 /year was obtained, less than the 339 Mm 3 /year that represents the safe yield for the Valley of Puebla, a value established as an extraction constraint for the management model. Therefore, the optimization of extraction volumes resulted in a reduction in extraction of 134.08 Mm 3 /year-or 30 %-in the polygon of the city of Puebla, a zone that represents 96 % of the total extraction of the aquifer. The reduction in extraction could be achieved by substituting an alternative water source for the 35 wells identified in Fig. 8 and Table 6 , represented with dark gray circles.
Conclusions
Continuing the current extraction policy, which follows an inertial scenario, would result in reductions of 10-13 m over a period of 15 years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) in the Valley of Puebla aquifer and, thereby, would cause a more intensive Fig. 7 Temporal evolution of the groundwater levels of wells 1, 2 and 3 based on the defined scenarios exploitation of groundwater, increasing the problems of overexploitation of the aquifer (decline of levels, cones of depression, sulfurous water intrusion). Using mathematical simulations for a management strategy for the VPA, a recovery of up to 5 m in the groundwater levels was achieved during the simulation period of 15 years through a gradual reduction in extraction volume in the urban-industrial polygon zone (scenario 4); in this scenario the optimization of the management strategy indicates that a reduction in extraction of Table 5 Response functions obtained with the nine points representative of the upper aquifer at urban-industrial polygon zone of the state of Puebla (optimization area) 134.08 Mm 3 /year in the polygon would prevent overexploitation of the groundwater in the upper aquifer, as well as the intrusion of poor quality water. This proposed reduction represents 30 % of the safe yield of 339 Mm 3 / year. The application of this management policy will be possible by substituting alternative water sources for the 35 wells contained in the optimized cells (wells that should not continue to be pumped).
This gradual extraction policy can enable the reuse of treated wastewater for activities that comply with environmental norms-such as watering gardens or industries that do not require first grade water quality-or the use of surface water which, in this zone, would require pretreatment due to existing contamination of the Alseseca and Atoyac rivers. 
